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Abstract 
We have shown that cytochrome c (cyt c) diffuses primarily in three dimensions in the intermembrane space (IMS) of intact 
mitochondria t physiological ionic strength (I). Recently, we found that a small percentage (11.2 + 2.1%) of endogenous cyt c remains 
bound to inner mitochondrial membranes (IMM) at high, physiological I ( I  = 150 mM), even after extensive washing with solutions at 
physiological I, overnight dialysis, changes in medium osmolarity, or further purification of IMM at high 1 using self-generating Percoll 
gradients. Measurements of heme c/heme a ratios, and electron transport (ET) reactions in which cyt c participates, confirmed the 
presence of a low amount of this /-resistant, membrane-bound form of cyt c (MB-cyt c), that had one third of the ET activity of 
electrostatically-bound cyt c (EB-cyt c), and which could not account for maximal ET rates. The amount of MB-cyt c was significantly 
increased above endogenous MB-cyt c by exposing KCI-washed IMM to increasing concentrations of exogenous cyt c. Also, subjecting 
large unilamellar vesicles (LUV) to successive cycles of cyt c binding/high I KCl-washes gave progressive increases in MB-cyt c. 
These protocols allowed in vitro characterization of MB-cyt c. The I at which binding takes place affects the affinity of cyt c for 
membranes, and oxidized cyt c had a greater intrinsic affinity for IMM or SUV than reduced cyt c. MB-cyt c appears to be bound 
partially by hydrophobic interactions ince MB-cyt c was detected on negatively charged (asolectin) LUV and also on neutral, 
zwitterionic (phosphatidylcholine) LUV at high I. Consistent with the concentration-dependent changes in MB-cyt c, decreasing the 
IMS-volume of intact mitochondria (i.e., increasing the endogenous IMS-cyt c concentration) by metabolic or osmotic means increased 
the amount of MB-cyt c. After cyt c was delivered into the IMS by liposome-mediated low pH-induced fusion, resonance nergy transfer 
showed a time-dependent cyt c-membrane proximity which was consistent with slow exchange of soluble IMS-entrapped cyt c molecules 
with a population bound to membranes at I = 150 mM. We conclude that, even though the majority of functional IMS-cyt c diffuses in 
three dimensions, a small portion remains firmly bound on the surface of the IMM under I conditions that are physiological for intact 
mitochondria. The occurrence of MB-cyt c may reflect an intrinsic conformational flexibility in cyt c, that allows a degree of membrane 
penetration and the formation of hydrophobic interactions which stabilize the membrane-bound form. The persistence of cyt c--membrane 
interactions under physiological I conditions indicates that cyt c-mediated ET in the IMS involves both fast (3D-diffusion) and slow 
(2D-diffusion) pathways for electron transfer. 
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Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhydrazone; cyt c, cytochrome c; EB-cyt c, electrostatically-bound cyt c, i.e., cyt c that is 
readily removed from membranes by buffers at physiological ionic strength; ET, electron transport; FITC, fluorescein isothiocyanate; H300 medium, 330 
mosM solution composed of 220 mM mannitol, 70 mM sucrose, 2 mM Hepes buffer (pH 7.4), and 0.5 mg/ml BSA; H3o 0 medium without BSA, H300 
medium prepared without BSA; I, ionic strength, defined as the ionic concentration: 1 = (2~ c i × z2)/2, where c i is the millimolar concentration of the 
i-th ion and z i is the charge of the i-th ion. For salts formed with monovalent cations and anions (e.g., KCI or NaCI), I is equivalent to salt concentration. 
A temperature-independent fininion involves tool kg -1 solvent, but will not be used in the text; IMM, inner mitochondrial membrane; IMS, 
mitochondrial intermembrane space; Kapp, apparent affinity of concentration-dependent binding of cyt c as mathematically defined in the text; LUV, large 
unilamellar vesicles; MB-cyt c, membrane-bound cytc, i.e., cyt c that cannot be removed by high, physiological I; OMM, outer mitochondrial membrane; 
RET, resonance nergy transfer; SUV, small unilamellar vesicles. 
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I. Introduction 
The diffusion rate and associated electron transport 
(ET) rate of mitochondrial cytochrome c (cyt c) increase 
as ionic strength ( I )  is increased from 0 to 150 mM [1,2]. 
This finding is consistent with the view that cyt c is 
primarily a three-dimensional diffusant in the intermem- 
brane space (IMS) of intact mitochondria [3,4], and that in 
the IMS of intact mitochondria n situ, cyt c is immersed 
in an aqueous environment with an I similar to the bulk of 
the cytosol (i.e., 100-150 mM; [5,6]). Electrostatic, /-sen- 
sitive interactions between cyt c and mitochondrial mem- 
branes [7] are almost completely quenched at physiological 
IMS-I [4,5]. However, cyt c is present at high concentra- 
tions in the IMS of intact mitochondria (up to 0.7 mM; 
[3]), and shows strong interactions with membranes at low 
I [3,8], suggesting that its affinity for membranes could 
persist at physiological IMS-I. 
In the course of our investigation on the motional 
dynamics of cyt c in the intact mitochondrion [4-6], it 
became apparent that there was a subpopulation of cyt c 
molecules that remained bound to mitochondrial s well as 
artificial membranes athigh, physiological I, which could 
not be released from membranes by non-deleterious treat- 
ments (i.e., those that do not result in a loss of membrane 
structure). The ability of cyt c to remain bound to inner 
mitochondrial membranes (IMM) depleted of their endoge- 
nous electrostatically-bound cyt c (EB-cyt c), and to large 
unilamellar vesicles (LUV) at physiological I, depends of 
its redox state and the ionic environment in which binding 
takes place. Binding of MB-cyt c to large unilamellar 
vesicles with negative or null net surface charges also 
occurred, suggesting the involvement of non-electrostatic 
interactions in the formation of a stable, /-resistant cyt c 
complex with membranes. Using IMM washed at high I 
and enriched in MB-cyt c over endogenous levels, we 
reconstituted MB-cyt c-mediated ET, and determined that 
the intrinsic ET rate of MB-cyt c was considerably ower 
than that of EB-cyt c. The amount of MB-cyt c in intact 
mitochondria ncreased when the concentration f endoge- 
Table 1 
Membrane-bound cytochrome c contents of IMM subjected to non-deleterious treatments a 
Treatment b Control(C) Salt-washed(W) Ratio(W/C) c Membrane-bound 
cytochrome c(%) d 
KCl-treated IMM (I, osM) 
Isolated in H300 medium e 0.775 + 0.053 0.128 + 0.045 0.165 + 0.058 11.2 _+ 2.1 
(10 mM, 300 osM) 
Isolated in KCI medium 0.847 + 0.117 0.163 + 0.008 0.193 + 0.041 17.0 + 3.7 
(150 mM, 300 osM) 
Overnight dialysis 0.786 _+ 0.074 0.131 + 0.020 0.167 + 0.030 14.6 + 2.7 
(150 mM, 300 osM) 
Successive KCI washes f 0.704 + 0.013 0.115 + 0.011 0.163 _+ 0.016 14.3 + 1.5 
(150 mM, 300 osM) 
Freeze-thawing cycles 0.880 _+ 0.012 0.150 + 0.006 0.170 _+ 0.008 13.1 ± 0.8 
(150 mM, 300 osM) 
K 2 SO4-treated IMM g 
(40 mM, 40 mosM) 0.768 _+ 0.080 0.728 _+ 0.012 0.948 _+ 0.099 63.9 _+ 3.0 
(60 raM, 60 mosM) 0.506 _+ 0.008 0.659 _+ 0.069 44.4 _+ 2.1 
(100 raM, 300 mosM) 0.206 _+ 0.017 0.268 + 0.036 18.1 _+ 1.7 
(150 mM, 150 mosM) 0.141 _+ 0.008 0.184 +__ 0.022 12.3 _+ 0.9 
(300 mM, 300 mosM) 0.133 _+ 0.016 0.173 _+ 0.028 11.7 _+ 1.5 
LiBr-treated IMM 
(150 raM, 300 mosM) 0.790 _+ 0.080 0.140 + 0.009 0.177 + 0.021 12.3 _+ 0.9 
(300 mM, 600 mosM) 0.142 _+ 0.006 0.180 _+ 0.020 12.4 _+ 0.8 
KI-treated IMM 
(150 mM, 300 mosM) 0.757 _+ 0.093 0.151 _+ 0.050 0.20 _+ 0.13 15.0 _ 4.9 
(300 raM, 600 mosM) 0.140 + 0.014 0.185 _+ 0.030 13.9 _ 1.4 
a Data were expressed as heme c/heine a ratios estimated by differential spectroscopy for controls (C, i.e., for untreated IMM) or salt-washed IMM 
samples (W). 
b Measurements were carried out for five samples and expressed as [heme c/heme a] + standard eviation (S.D.)[heme c/heme a]. 
c Values from (C) and (W) are ratioed (W/C), and expressed as (W/C) + SD(W/C). 
d Percentage of mitochondrial cyt c present as MB-cyt c was calculated based on parallel measurements of heme c/heme a ratios for mitochondrial 
samples. 
Unless indicated otherwise, all IMM were prepared as described in the Methods ection, using H300 medium, and washed several times in an excess of 
buffered salt solutions. 
f Five successive washes with 150 mM KCI were carried out as described in Methods. 
g Two washes with K2SO 4 ( I  and osmolarity are identical for this salt) were carried out as described in Methods. 
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nous IMS-cyt c was increased by decreasing IMS-volume. 
Formation of MB-cyt c was dynamic, and fluorescently- 
labelled cyt c introduced into the IMS of intact mito- 
chondria by liposome-mediated delivery [5], and detected 
by resonance nergy transfer [4], showed changes compati- 
ble with slow exchange of soluble IMS-cyt c with a 
membrane-bound population of cyt c. Results presented 
here characterize MB-cyt c, thus finally defining the extent 
of binding of cyt c to membranes under physiological 
conditions for mitochondrial ET, and they also suggest he 
participation of membrane-cyt c interactions in the overall 
efficiency of cyt c-mediated ET in intact mitochondria. 
2. Mater ia l s  and  methods  
2.1. Preparation of mitochondria nd mitochondrial mem- 
branes 
Liver mitochondria were isolated from male Sprague- 
Dawney rats according to Schnaitman and Greenewalt [9], 
and then resuspended in H300 medium. Oxygen consump- 
tion was measured at 25°C using a Clark oxygen electrode 
(Gilson Medical Electronics, Inc., Middleton, WI). Respi- 
ratory control ratios (RCR, i.e., the ratio between oxygen 
consumption of mitochondria in respiratory state 3 and 
respiratory state 4; [5]) were determined using data acquisi- 
tion software (Spectrofuge, Durham, NC). RCRs were in 
the range 5.5-7.0 for all mitochondrial preparations used. 
For purposes of comparison, mitochondria were also iso- 
lated in a 150 mM KCl-based buffer. RCRs were in the 
same range as for mitochondria isolated in H300 medium. 
Removal of the outer membrane and purification of the 
mitoplasts (inner mitochondrial membrane/matrix fraction 
or IMM) was carried out by controlled igitonin treatment 
followed by differential centrifugation [10,11]. IMM and 
mitochondria were further purified on Percoll gradients. 
Self-generating Percoll gradients were developed from a 
solution consisting of 60% Percoll, 0.25 M sucrose, 1 mM 
EDTA, and 10 mM Hepes buffer (pH 7.4) by centrifuga- 
tion at 60000 ×gmax for 30 min at 4°C [12]. 1 ml of 
sample (50-80 mg protein) was layered on top of 22 ml of 
Percoll gradient. After centrifugation, a high density IMM 
or mitochondrial band was separated from less dense 
non-mitochondrial contaminants and broken mitochondrial 
membranes present in small amounts, and recovered by 
centrifugation at 12,000 X g for 15 min at 4°C. The effi- 
ciency of digitonin digestion on removing outer mem- 
branes was verified measuring cytochrome c oxidase (IMM 
marker; [13]) and monoamine oxidase (OMM marker; [9]). 
Adenylate kinase, a soluble marker whose leakage from 
the IMS is used as a test for intactness of the IMS, was 
assayed spectrophotometrically t 340 nm (25°C) by the 
coupled enzymatic generation of NADPH [9]. The reaction 
was initiated by the addition of Lubrol WX-activated 
enzyme (0.1 mg Lubrol/mg protein; 15 min at 0°C). 
2.2. Experimental manipulations of isolated membranes 
To completely remove EB-cyt c, IMM were washed 
twice in a 50-fold volume excess of 150 mM KC1, 2 mM 
Hepes (pH 7.4). Samples were incubated with this high I 
buffer for 15 min at 0°C, spun at 10000 × g for 15 min at 
4°C, and resuspended by muddling in 0.6 ml of H30 o 
medium without BSA. These KCl-washed IMM were used 
as a starting point for non-deleterious manipulations de- 
scribed in Table 1, aimed to completely remove MB-cyt c. 
Freeze-thawing was carried out by freezing IMM (60 
mg/ml  suspension) in liquid nitrogen, and thawing them 
at room temperature for 20-30 min. Six successive 
freeze-thawing cycles were carried out. Overnight dialysis 
was carried out using Spectra/Por membranes (Spectrum 
Medical Industries, Los Angeles, CA; 25 kDa molecular 
mass cut-off) and 150 mM KCI, 2 mM Hepes (pH 7.4) 
buffer in a volume excess of 4000-fold. IMM were incu- 
bated with different concentrations of inorganic salts 
(K2SO4, LiBr, or K1) for 15 min at 0°C, diluted (1:300) in 
cyt c-free H300 without BSA medium, spun (10000 × g 
for 15 min at 4°C), and finally resuspended in the cyt 
c-free solution destined for MB-cyt c concentration analy- 
sis. To enrich for MB-cyt c, KCl-washed IMM were 
incubated at either low I (usually in a H300-based medium) 
or high, physiological I (150 mM KCl-based medium), 
with different bulk concentrations of cyt c, and washed 
several times with high I medium as described above (a 
final equivalent dilution of 30000-fold is obtained). Oxi- 
dized cyt c and reduced cyt c were prepared by standard 
methods [13]. 
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Fig. 1. Release of cytochrome c from the inner mitochondrial membrane 
by increasing ionic strength. Inner mitochondrial membranes (IMM) were 
washed with solutions of various concentrations  KCI (ionic strength I 
between 0 and 150 mM) as described in Methods. The cytochrome c (cyt 
c) contents of these KCl-washed IMM were followed by differential 
spectroscopy as heme c/heme a ratios. Isosmotic solutions were ad- 
justed with sucrose (O); solutions with variable osmolarity were not 
adjusted with sucrose ([]). The electron transport (ET) activity of the 
membranes was measured polarographically by the duroquinol xidase 
assay (see Methods ection; O). 
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In IMM subjected to the various treatments described 
above, MB-cyt c concentrations were estimated by differ- 
ential spectroscopy. Briefly, a differential spectra (reduced 
minus oxidized) was obtained in a SLM Aminco DW-2000 
UV-VIS spectrophotometer (SLM Instruments, Inc., Ur- 
bana, IL). Membranes are dissolved in 0.8% sodium 
cholate, 65 mM NaH2PO 4 (pH 7.4), and the concentration 
of cytochromes c and a calculated using simultaneous 
equations that relate differential spectra with extinction 
coefficients [14] as described by Schneider et al. [15]. Data 
on MB-cyt c were normalized by the cytochrome a con- 
tent of the same preparation (i.e., obtaining aheme c/heme 
a molar ratio). This normalization ensures that changes in 
protein concentration (e.g., protein leakage during succes- 
sive pelleting/resuspension cycles) do not affect the esti- 
mation of the amount of cyt c bound to IMM as MB-cyt c. 
Binding curves of MB-cyt c to membranes were analyzed 
with non-linear egression fitting routines from SYSTAT 
software (SYSTAT, Evanston, IL). Statistical tests verified 
a low degree of correlation between parameters obtained 
by fitting, and the presence of random deviations from 
theoretical curves. 
2.3. Binding of membrane-bound cytochrome c to 
phospholipid vesicles 
Large unilamellar vesicles (LUV) were prepared by 
extrusion through polycarbonate membranes as described 
by MacDonald et al. [16]. When asolectin phospholipid 
was used, 0.6 g of lipid was dissolved in 1.5 ml of H30 o 
medium without BSA (pH 7.4), hydrated for at least 3 h at 
0°C, and mixed with additional 3.5 ml of H300 medium 
without BSA (pH 7.4). Formation of large multilamellar 
vesicles was induced by vortexing; the resulting suspen- 
sion was then passed 15-20 times through a polycarbonate 
membrane (100 nm-pore diameter) mounted in a Liposo- 
Fast liposome maker device (MM Developments, Ottawa, 
Canada). Aliquots of the LUV obtained (0.6 ml containing 
approx. 70 mg of asolectin phospholipids) were incubated 
for 15 min at 0°C with different bulk concentrations of cyt 
c (total volume = 1 ml) in either low I (H300 medium 
without BSA; pH 7.4) or high I (150 mM KC1, 2 mM 
Hepes; pH 7.4) buffer. Addition of excess high I buffer to 
fill a 38 ml centrifuge tube was used to stop the binding 
process. LUV were pelleted own at 105 000 × g for 1 h 
at 4°C, resuspended in high I buffer, and pelleted and 
resuspended in cyt c-free high I medium again to wash 
away any EB-cyt c. Samples were finally resuspended in
0.45 ml of H30 o without BSA. A similar protocol was 
carried out using egg-yolk L-a-phosphatidylcholine, by 
dissolving 250 mg of the nitrogen-dried phospholipid into 
2 ml of H300 medium without BSA (pH 7.4). When 
different emperatures were used during MB-cyt c binding 
(Fig. 4c), asolectin LUV were incubated 10 min at a given 
temperature in H30 o medium without BSA (i.e., at low I; 
media was adjusted to pH 7.4 for each temperature), and in 
the presence of 200 /xM cyt c; finally, vesicles were 
pelleted and resuspended several times at 4°C in a cyt 
c-free high I as described above. Results were expressed 
as a protein/lipid molar ratio. Vesicle phospholipid con- 
centrations were measured as inorganic phosphate [17]. 
Cyt c concentration was measured spectroscopically b  the 
absorbance difference between 550 nm and 563 nm of cyt 
c upon reduction to ferrocyt c (extinction coefficient 
measured for the buffer used was 23.44 mM -1 cm-l).  
Briefly, 0.1 ml of a vesicle sample were added to 0.9 ml of 
5 mM sodium ascorbate, 4% sodium cholate, 40 mM 
NaH2PO 4 (pH 7.2), and the difference of absorbance at 
550-563 nm was recorded. Under these conditions, no 
interference of the presence of membranes was detected. 
Binding of cyt c as MB-cyt c was also carried out 
using small unilamellar vesicles (SUV) prepared by ultra- 
sonication according to Cortese et al. [5]. Binding of cyt c 
at high I (150 mM KC1, 2 mM Hepes buffer; pH 7.4) was 
followed by isolation of MB-cyt c-containing SUV using 
Sephacryl S-200 chromatography (XK-16 column; 16 × 20 
cm; Pharmacia, Uppsala, Sweden) in a Pharmacia FPLC 
system 500 chromatograph. The first peak of cyt c was 
SUV-bound cyt c, and this fraction was concentrated to
approx. 1 ml in a Centriprep 30 concentrator (Amicon, 
Inc., Beverly, MA), loaded in a Sephacryl S-200 column 
preequilibrated with 150 mM KC1, 2 mM Hepes buffer 
(pH 7.4), and eluted again. This procedure was repeated 
twice, obtaining SUV with a concentration f MB-cyt c of 
6/~M (protein/lipid molar ratio of 1/600). These vesicles 
were used to measure differential spectra (reduced minus 
oxidized cyt c) in a SLM Aminco DW-2000 spectro- 
photometer (SLM Instruments, Inc., Urbana, IL) at l l°C. 
MB-cyt c was prepared as ferricyt c, and reduced after- 
wards with 10 mM sodium ascorbate. Samples of SUV 
containing similar amounts of phospholipid (estimated by 
phosphorus analysis) were subtracted from each spectra, 
and extinction coefficients for each wavelength based in 
protein concentration estimates. Data for cyt c in solution 
were essentially identical to those presented by Harbury 
and Marks [18] in the 500-700 nm wavelength interval. 
2.4. Liposome-mediated delivery of cytochrome c 
Cyt c was encapsulated into SUV and delivered into 
the IMS of intact mitochondria by the low pH-induced 
fusion protocol described by Cortese et al. [5] as modified 
by Cortese and Hackenbrock [4]. Resonance nergy trans- 
fer (RET) between IMS-entrapped FITC-labelled cyt c and 
octadecylrhodamine-labelled mitochondrial membranes 
was assayed both at low and high I at 15°C in a Perkin- 
Elmer fluorescence spectrophotometer model 650-40 (Per- 
kin-Elmer, Norwalk, CT) operating in the ratio mode and 
with a 10 s integration window. RET efficiency was 
calculated for triplicate samples immediately after lipo- 
some-mediated delivery of cyt c, and aliquots of the 
FITC-cyt c-enriched mitochondria kept on ice for 12 h, 
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pelleted and resuspended in cyt c-free medium, and the 
RET measurement repeated again. No leakage of cyt c 
from enriched mitochondria could be detected under these 
conditions (not shown). 
content in a range of heme c/heme a ratios between 0.15 
and 1.5. Five samples were assayed in each condition, and 
the results hown as a mean + S.D. in plots of ET activity. 
2.5. Electron transport activity measurements 3. Materials 
Duroquinol oxidase activity was measured polaro- 
graphically [19] at 23°C with a Clark oxygen electrode 
according to a standard procedure [2,15] in H300 medium 
without BSA (pH 7.4; low I medium), or in a medium 
where mannitol and sucrose where substituted with 145 
mM KCI (high I medium). Other additions included 1 
mg/ml BSA, 1.3 p,M CCCP as an uncoupler, 10.7 /xM 
rotenone to block respiratory Complex I, and membrane 
suspension (1.3-2.0 mg/ml of IMM subjected to the 
various treatments described above or mitochondria). The 
reaction was started by the addition of 80 /xM duroquinol 
(duroquinone, in a 60 mM ethanolic solution, was reduced 
by sodium borohydrate and used fresh; [15]). Nonenzy- 
matic rates were measured and subtracted when appropri- 
ate [2]. 
Cytochrome c oxidase was also assayed at 23°C polaro- 
graphically [13,15]. Measurements were carried out in a 
medium containing 220 mM mannitol, 70 mM sucrose, 2.5 
mM KeHPO 4, 2.5 mM MgCI 2, and 0.5 mM Na2-EDTA 
(low I medium), or in a medium where mannitol and 
sucrose were substituted with 145 mM KCI (high I 
medium). Other additions included 1.3 /zM CCCP, 10.7 
/xM rotenone, 1.33 mg/ml antimycin to block respiratory 
Complex III, and 8.3 mM sodium ascorbate/0.83 mM 
TMPD as a electron donor system for cyt c. The assay 
mixture contained 1.5-2.0 mg/ml of IMM that were 
subjected to the various treatments described above or 
mitochondria. The reaction was started by the addition of 
enzyme (membrane suspension). 
For kinetic measurements, he oxygen electrode was 
calibrated using submitochondrial particles [19,20]. All 
electron transport (ET) activities were expressed as turnover 
numbers in units of electrons transferred per second per 
cytochrome aa 3 (e-/s/aa3).  Conditions were optimized 
for proportionality of ET rates to membrane cytochrome c 
Equine muscle Na-ADP (grade IX), antimycin, L- 
ascorbic acid (disodium salt), fatty acid-free bovine serum 
albumin (BSA), carbonyl cyanide m-chlorophenylhy- 
drazone (CCCP), cholic acid (from ox or sheep bile, 
sodium salt), duroquinol, glucose-6-phosphate dehydro- 
genase (Type IX, baker's yeast), hexokinase (baker's 
yeast), horse heart cyt c (Type VI), Na2-EDTA, Lubrol- 
WX, D-mannitol, /3-nicotinamide adenine dinucleotide 
phosphate (potassium salt; NADP+), Percoll, rotenone, 
sodium succinic acid, sucrose, and N,N,N',N'-tetra- 
methyl-p-phenylenediamine (TMPD) were purchased from 
Sigma Chemicals (St. Louis, MO). Asolectin, dig±ton±n, 
glyclylglycine, and egg-yolk L-a-phosphatidylcholine were 
purchased from Calbiochem-Boehringer Corp. (La Jolla, 
CA). Ultrapure Hepes was obtained from Boehringer-Man- 
nheim Biochemicals (Indianapolis, IN). Sephadex G-25, 
G-200, and Sephacryl S-200 were purchased from Pharma- 
cia (Uppsala, Sweden). Fluorescein 5-isothiocyanate (iso- 
mer I; FITC) and octadecylrhodamine (chloride salt) were 
purchased from Molecular Probes (Eugene, OR). All other 
reagents were of analytical grade. 
4. Results 
As expected from earlier results [1,4], we found a 
substantial /-dependent release of EB-cyt c from inner 
mitochondrial membranes (IMM; Fig. 1). As the I in the 
medium was increased from 0 to 150 mM, the heme 
c/heme a ratio oflMM diminished from ~ 0.8 to --~ 0.15, 
and there was a parallel decrease in duroquinol oxidase 
activity (i.e., in cyt c-dependent ET). The same degree of 
release was obtained irrespective of osmolarity, which 
ranged between 300 and 40 mosM. At 300 mosM, the 
matrix of IMM has a small volume and inner membrane 
Table 2 
Membrane-bound cytochrome c contents of mitochondria and IMM isolated by different methods 
Differential centrifugation a Differential centrifugation 
and Percoll gradient b 
Mitochondria 1.05 ± 0.13 [0.87-1.23] c 0.88 + 0.10 [0.75-1.01] 
IMM ( I  = 150 mM) d 0.116 ± 0.008 [0.104-0.127] 0.10 ± 0.03 [0.06-0.14] 
a Data were expressed as heme c/heme a ratios estimated by differential spectroscopy. IMM samples were obtained by the controlled digitonin treatment 
described in the Methods ection. 
b Percoll gradient centrifugation was carried out for both, mitochondria and IMM as described in the Methods ection, and samples collected from the high 
density band. 
c Measurements were carried out for five samples and expressed as mean + SD [lower-upper 95% confidence limits between brackets]. 
a IMM were washed from their endogenous EB-cyt c by successive washes with 150 mM KCI, 2 mM Hepes (pH 7.4) as described in the Methods ection. 
A control for cyt c release of IMM run in a isotonic Percoll gradient at I = 150 mM gives a heme c/heme a ratio of 0.086 ± 0.007 [0.076-0.096]. 
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invaginations imilar to those found in intact isolated 
mitochondria. At 40 mosM, IMM are large, spherical 
vesicles without invaginations [11]. Parallel SDS-PAGE 
gels showed that a small fraction of cyt c was not released 
from IMM at physiological I regardless of osmolarity and 
IMM configuration (not shown). Various non-deleterious 
treatments were used without success to completely re- 
move cyt c from IMM at physiological I (Table 1). These 
included overnight dialysis of IMM against 150 mM KC1, 
successive washes with 150 mM KCI, successive freeze- 
thawing cycles at physiological I, changes of osmolarity 
and I using K2504,  and the use of chaotropic salts (LiBr 
or KI; [21]) that mildly perturb hydrophobic interactions 
between proteins and membranes. About 10% of mito- 
chondrial cyt c remained bound in all cases where physio- 
logical I was used to remove EB-cyt c, and this fraction 
was designated membrane-bound cyt c (MB-cyt c). 
The presence of endogenous MB-cyt c was not an 
artifact of mitochondrial isolation in sucrose/mannitol 
medium at low I, since the same amounts of MB-cyt c 
were found when mitochondria were isolated at high I 
(Table 1). IMM cannot be depleted completely of their 
endogenous cyt c by differential centrifugation at high I, 
or when differential centrifugation was combined with 
Percoll gradient separation (Table 2). Self-generating Per- 
coil gradients eparated contaminant membranes and frag- 
ments of mitochondrial membranes, ruling out artifacts 
related to possible entrapment of cyt c in pellets obtained 
by conventional centrifugation technique. We also verified 
that MB-cyt c was not a result of incomplete opening of 
the IMS to salt washes in IMM preparations. Effectiveness 
of the digitonin treatment with enzyme markers hows that 
the outer mitochondrial membranes (OMM) are almost 
completely removed and the IMS completely accessible to 
the high I bulk medium. For the standard amount of 
digitonin used to remove OMM in our protocol (1.4 mg 
digitonin/10 mg protein); cytochrome c oxidase (IMM 
marker) is 90.7 + 5.2%, monoamine oxidase (OMM 
marker) is 6.7 ___ 2.0%, and adenylate kinase (IMS marker) 
is 0.19 ___ 0.06% of mitochondrial controls. 
Even though the amount of endogenous MB-cyt c 
present on IMM appeared to be constant, its level might 
depend on the bulk concentration of soluble cyt c in the 
IMS of intact mitochondria. To explore this possibility, we 
exposed IMM to various concentrations of cyt c, followed 
by washing extensively at physiological I (Figs. 2a and 
2b, see Methods). The content of MB-cyt c of KCl-washed 
IMM increased over the endogenous MB-cyt c by this 
procedure. When binding was carried out at low I, there 
was a saturable binding of MB-cyt c to IMM (high affinity 
or specific binding; Fig. 2a). When the binding of MB-cyt 
c was carried out at I = 150 mM, the increase in MB-cyt 
c was proportional to the total cyt c concentration (low 
affinity or non-specific binding; Fig. 2b). Binding of oxi- 
dized cyt c as MB-cyt c showed greater IMM affinity than 
reduced cyt c, at both low and high 1. The ratio of 
apparent affinities (Kap p) of cyt c for IMM (oxidized/re- 
duced) was 2.32 + 0.82 for binding at low I, and 2.87 + 
0.12 for binding at high I (Fig. 2) 1. 
Consistent with the concentration-dependent increase in 
the amounts of MB-cyt c in IMM exposed to cyt c 
solutions, decreasing the IMS-volume of intact mito- 
chondria, thereby increasing the soluble IMS-cyt c concen- 
tration, increased the amount of MB-cyt c. This was 
apparent when mitochondria were incubated with respira- 
tory substrate (Table 3). Under these conditions, freshly 
isolated mitochondria change their configuration from con- 
densed (with a large IMS-volume separating the two mito- 
chondrial membranes) to orthodox (with a small IMS- 
volume and membranes closely opposed; [6,22]. Similarly, 
osmotically converting mitochondria from the condensed 
(300 mosM) to the orthodox (80 mosM) configuration 
increased the amount of the MB-cyt c (Table 3). Inhibition 
of a succinate-induced transition to orthodox configuration 
by addition of rotenone/antimycin maintains the con- 
densed configuration and the lower levels of MB-cyt c 
found in freshly isolated condensed mitochondria kept in 
isosmotic sucrose buffer (H 300 medium in Table I and 300 
mosM sucrose in Table 2). Uncoupling with CCCP or 
dinitrophenol did not affect the amount of MB-cyt c, as 
expected from an energy-independent bi ding process. 
We also tested directly in the IMS of intact mito- 
chondria the presence of a membrane-bound fraction of cyt 
c. Previous results [4] revealed low RET between FITC- 
labelled IMS-cyt c and rhodamine-labelled mitochondrial 
membranes athigh, physiological I, suggesting an overall 
low proximity between IMS-cyt c and mitochondrial 
membranes under physiological conditions (Fig. 3, left). 
However, these experiments were carried out immediately 
after the molecules of FITC-cyt c were delivered into the 
IMS, and a small membrane-bound population of cyt c 
may exchange very slowly with tracer amounts of FITC-cyt 
c newly incorporated into the IMS. We verified time-de- 
pendent changes on RET-dependent proximity at physio- 
Binding data of MB-cyt c at low (2 mM) 1 can be represented by a 
hyperbolic urve using the equation: heme c/heine a ratio = (H 0 + (Hma x 
× [cyt c]/(Kap p +[cyt c]))), where H 0 is the heme c/heine a ratio 
obtained for IMM exposed to buffer (i.e., IMM only containing the 
endogenous amount of MB-cyt c), Hma x is the maximal heme c/heme a 
ratio obtainable, [cyt c] is the bulk cyt c concentration used during 
binding, and Kap p is the apparent affinity of concentration-dependent 
binding of MB-cyt c at low 1. For oxidized cyt c, H o = 0.144+0.043, 
Hma x = 0.553 + 0.046, and Kapp ~ (0.051 + 0.015) mM (number of exper- 
imental points or N= 47); for reduced cyt c, H 0 = 0.162+0.027, Hma x 
= 0.567 -+ 0.040, and K~pp = (0.118 -+ 0.031 ) mM (N = 27). Binding at 
high 1 is approximately inear: heme c/heme a ratio = H 0 +Kap  × 
[cyt c], where H 0 and [cyt c] have the same meanings as above, and 
Kap p is the apparent reciprocal affinity of concentration-dependent bind- 
ing of MB-cyt c at high L For oxidized cyt c, Ho=0.141+0.005, 
Kap p = (0.354__+0.009) mM "l cyt c (coefficient of correlation or r = 
0.990; N = 35); for reduced cyt c, H 0 = 0.089 I+_ 0.017 and K~pp = (1.014 
+0.033) mM -1 cyt c (r = 0.984; N= 35). 
222 .I.D. Cortese et al. /Biochimica et Biophysica Acta 1228 (1995) 216-228 
logical IMS-I. When FITC-cyt c-enriched mitochondria 
were incubated for a 12 h period at 0°C (Fig. 3), there was 
an increase in RET measured at physiological I for the 
membranes kept 12 h with exogenous IMS-FITC-cyt c, 
suggesting an overall increase on the proximity of cyt c to 
membranes that is compatible with a population of IMS-cyt 
c strongly bound to the mitochondrial membrane as MB-cyt 
c. The RET proximity at low I changed very little over the 
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Fig. 2. Effect of ionic strength and redox state on binding of membrane- 
bound cytochrome c to the inner mitochondrial membrane. Binding of 
cyt c in a membrane-bound form (MB-cyt c) was carried out using 
oxidized (O) or reduced cyt c (0 )  for: (A) IMM kept in H300 medium 
without BSA (1 = 2 mM), and (B) IMM kept in 145 mM KC1, 2 mM 
Hepes (pH 7.4; i.e., at I = 150 mM). (A) The binding of MB-cyt c at low 
(2 mM) I can be represented by a hyperbolic urve (see Results) for 
oxidized (©- - )  and reduced cyt c (0 - ) .  (B) Binding of MB-cyt c at 
high 1 is approximately linear for both, oxidized (O- - )  and reduced cyt 
c (0-). 
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Fig. 3. Ionic strength-dependent changes in resonance nergy transfer 
(RET) of IMS-entrapped cytochrome c. Monoderivatized, active FITC-cyt 
c was delivered into the IMS of intact mitochondria by our liposome- 
mediated low pH fusion protocol [4], and RET efficiencies calculated for 
bulk 1 = 10 mM (open bars) and 1 = 150 mM (shaded bars), immediately 
after low pH fusion of protein-containing liposomes (left) and after 
approx. 12 h (right) for samples kept on ice overnight. RET measure- 
ments of four samples were averaged and the results hown as mean _+ S.D. 
same period, as expected from a measurement that depends 
on the total amount of cyt c bound to membranes. 
Binding of cyt c as MB-cyt c is not specific for IMM 
(a protein-containing membrane). MB-cyt c was obtained 
using LUV prepared with asolectin phospholipid (a nega- 
tively charged mixture of soybean lipids; Fig. 4). A lower 
level of binding was also found for LUV prepared with 
phosphatidylcholine (a switterionic phospholipid; Fig. 4a). 
Asolectin and phosphatidylcholine SUV also bind MB-cyt 
c (not shown). Binding of MB-cyt c to asolectin liposomes 
presented somewhat different characteristics than those 
found for binding to IMM (cf. Figs. 2 and 4). Binding of 
oxidized cyt c as MB-cyt c at low or high I had about the 
same affinity and was proportional to the bulk concentra- 
tion of cyt c used (Fig. 4a), but oxidized cyt c still had a 
greater affinity for asolectin membranes than reduced cyt c 
(Fig. 4b), as found for MB-cyt c binding in IMM (Fig. 2). 
The ratio of apparent affinities (Kap p) of cyt c for asolectin 
liposomes was 1.03 ___ 0.04 for the ratio between high l- 
and low /-binding of oxidized cyt c, and 1.52 ___ 0.06 for 
the ratio between oxidized and reduced cyt c-binding as 
MB-cyt c at high I. The results are consistent with at least 
a partially hydrophobic binding of cyt c to membranes. 
Accordingly, there is an increase in MB-cyt c binding with 
temperature (Fig. 4c), as can be expected for hydrophobic 
effects [23]. 
Binding of cyt c as MB-cyt c to SUV allowed us to 
characterize the spectroscopic properties of the /-resistant 
fraction of cyt c (Fig. 5). Successive steps of enrichment 
of asolectin SUV with MB-cyt c gave a preparation suit- 
able for differential spectroscopy (with a protein/lipid 
molar ratio of 1/600). The differential (reduced-oxidized) 
spectra of soluble and MB-cyt c have a similar shape in 
the 500-600 nm wavelength range (Fig. 5a), indicating a 
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similar reducibility of soluble and MB-cyt c. Some of the 
shift in the MB-cyt c spectrum apparent at low wave- 
lengths can be a consequence of the inadequacy of our 
corrections for vesicle-induced light scattering. Heat-dena- 
tured cyt c (1 h at 90°C) shows very different differential 
spectra under the same conditions (not shown). In Fig. 5b, 
the spectra of oxidized MB-cyt c in the 600-700 nm range 
shows the characteristics of a monomeric form of the 
molecule. The inflection point at 655 nm and the maxi- 
mum at 695 nm tend to disappear for populations of cyt c 
with higher contents of the dimeric form [24]. Taken 
together, spectroscopic data with SUV-bound MB-cyt c 
support a membrane-bound form that is monomeric and 
with an undisturbed heme environment. 
The ET activity of MB-cyt c was characterized using 
IMM enriched in MB-cyt c (Fig. 6). Duroquinol oxidase 
activity significantly increased in intact mitochondria when 
measurements were carried out at high I, as was expected 
from earlier work showing the rapid three-dimensional 
diffusion of cyt c at high I [1,4]. IMM depleted of EB-cyt 
c were enriched with MB-cyt c to more than twice the 
endogenous amount of total IMM-bound cyt c (up to a 
heme c/heme a ratio of 2.5), but the duroquinol oxidase 
activity of such membranes never reached mitochondrial 
ET rate levels. Also, ET activity of these MB-cyt c-en- 
riched IMM exhibited very low sensitivity to medium I. 
The kinetic competence of MB-cyt c in ET activity was 
further characterized for both duroquinol oxidase and cyt c 
oxidase. To obtain IMM containing various amounts of 
EB-cyt c within the range of heme c/heme a ratios found 
in MB-cyt c-enriched IMM, IMM were depleted of EB-cyt 
c to different extents by repeated washes using solutions of 
different KCI concentration. For both duroquinol (Fig. 7a) 
and cyt c oxidase (Fig. 7b), we found that MB-cyt c had 
about one-third of the specific ET activity of EB-cyt c. 
This did not appear to be an effect of using horse heart cyt 
c instead of rat liver cyt c to enrich rat liver IMM for 
MB-cyt c; when IMM containing only the endogenous 
level of MB-cyt c were electrostatically enriched with 
EB-cyt c from horse heart to the heme c/heme a ratio 
present in untreated IMM, the same level of  duroquinol 
oxidase or cyt c oxidase activity of rat liver IMM was 
recovered (Fig. 7a and 7b). From these findings and the 
low amount of endogenous MB-cyt c (approximately 10%), 
it is clear that MB-cyt c carries out only about one-thirtieth 
of the maximal ET. 
5. Discussion 
Binding of cytochrome c (cyt c) to membranes has 
been studied extensively [8,25]. Models have been pre- 
sented in which the protein interacts transiently with mem- 
branes electrostatically and does not penetrate the bilayer 
[7,26-34], penetrates partially into the bilayer [25,35-40], 
or reaches deeper into the core and even to the opposite 
side of the membrane [41-43]. These views have been 
obtained independently b various techniques such as X-ray 
diffraction [26,40], nuclear magnetic or electron resonance 
[33,44,45], or fluorescence spectroscopy [30,31,33,43,46]. 
The known structures of cyt c from many species upport 
a highly hydrophilic structure [47], thus in agreement with 
its role as a soluble, three-dimensional diffusant in the 
intermembrane space (IMS) of mitochondria, carrying 
electrons from membrane-bound cyt c reductase to cyt c 
oxidase [1,2,4,22]. Although our results with intact mito- 
Table 3 
Membrane-bound cytochrome c of IMM obtained from mitochondria subjected to osmotic and metabolic hanges that affect intermembrane space 
volume a 
Treatment b Control(C) Salt-washed(W) Membrane-bound 
cytochrome c(%) c 
300 mosM sucrose a 0.886 + 0.053 0.1384 ___ 0.0088 13.7 + 1.3 
120 mosM sucrose 1.15 + 0.11 0.218 ± 0.016 16.5 + 2.1 
80 mosM sucrose 1.281 _+ 0.051 0.229 + 0.028 19.0 + 5.1 
Active respiration e 0.901 + 0.059 0.234 _+ 0.028 17.0 + 3.7 
(succinate) 
Inhibited respiration f 0.786 + 0.074 0.154 + 0.011 14.4 _+ 1.1 
(succinate plus rotenone/antimycin) 
Uncoupled g 
(CCCP) 0.901 _+ 0.076 0.203 + 0.042 21.0 + 4.8 
(dinitrophenol) 0.823 + 0.072 0.173 + 0.014 19.6 ___ 2.6 
a Data were expressed as heme c/heme a ratios estimated by differential spectroscopy for controls (C, i.e., for untreated IMM) or salt-washed IMM 
samples. 
b Measurements were carried out for five samples as in Table 1. 
c Percentage of mitochondrial cyt c present as MB-cyt c was calculated as in Table 1. 
d Removal of OMM by digitonin treatment was carried out at the different final osmolarities shown. 
Digitonin treatment was initiated after a 10 min incubation at 15°C with 5 mM sodium succinate (active respiration)) 
f Digitonin treatment was initiated after a 10 min incubation at 15 o C with 5 mM sodium succinate, 10/.tM rotenone and 1 ~g/ml  antimycin. 
g Digitonin treatment was initiated after a 5 min incubation at 15°C with 5 mM succinate and either 1 /zM CCCP or 50 p,M dinitrophenol. 
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chondria and inner membranes show that cyt c diffuses in 
three dimensions during maximum rates of electron trans- 
port (ET) at physiological ionic strength ( I ;  [1,4,5]), they 
.a  120 
"~ 100 
~ 8o 
~. 4O 
? 
2o 
b 
"o 
o t,,. 
rl 
o 
o 
E 
o 
| 
o 
E 
C 
"o 
.n  Q. 
0 L.- 
D. 
(/) 
0 .C 
Q. 
E 
0 
0 
| 
E 
180 
150 
120 
90 
60 
0.0  
.,.,.,,.....,-" 
0.2 0.4 0.6 0.8 1.0 
Cytochrome c (raM) 
j •" 
**S  
30 • 
•s  
| | | | 
0.0 0.2 0.4 0.6 0.8 1.0 
Cytoehrome c (mM) 
60 
40 
20 
| | | 
10 20 30 
Temperature (C) 
40 
do not rule out the possibility of a small fraction of 
molecules bound tightly to the membrane that are unde- 
tectable by the fluorescence techniques we have used. 
When inner mitochondrial membranes ( IMM) are ob- 
tained from mitochondria through controlled digitonin 
treatment at low I, most of their cyt c is electrostatically- 
bound (EB-cyt c) and can be readily dissociated by wash- 
ing at physiological (150 mM) I. However, a small amount 
of cyt c remains bound to IMM under these conditions, 
contrary to reports in the literature [48,49]. In some stud- 
ies, cyt c was incompletely washed (leaving 75-85% 
bound) from mitochondrial membranes at high I (0.1-0.15 
M), and this result was extrapolated to total removal of the 
bound cyt c [48,50]; or the data was calculated from the 
soluble fraction rather than the membrane-bound fraction 
[14,51], using poor semiquantitative or qualitative tech- 
niques [52,53]. Harsher treatments with very high I (1 M 
NaC1) and high pH (8-10) could release all cyt c, but it is 
unclear if membrane structure and function was preserved 
[26,27,36,46]. 
We could not release membrane-bound cyt c (defined 
as the portion remaining bound to membranes after succes- 
sive washes with physiological I, 150 mM; MB-cyt c) by 
various non-deleterious treatments hat preserve membrane 
structure. Possible isolation artifacts, such as entrapment 
between individual IMM membranes comprising a pellet, 
or interactions with IMM-bound proteins that are insuffi- 
ciently quenched at physiological I, were ruled out as 
IMM isolated by a combination of differential centrifuga- 
tion [10] and self-generating Percoll gradients [12], or SUV 
separated by liquid chromatography at high I, all con- 
tained a fraction of MB-cyt c at physiological I. For IMM 
isolated by digitonin digestion, even though the OMM was 
selectively but not completely removed, the IMS was open 
to high 1 washes, as shown by assessment of a soluble 
IMS marker (adenylate kinase) which was completely lost 
from IMM prepared with our routine protocol, and even at 
lower concentrations of digitonin. Also, spectroscopic 
analysis of SUV-bound cyt c (Fig. 5) indicated that a 
monomeric form of cyt c is bound as MB-cyt c, and that 
MB-cyt c is a reducible form of cyt c with similar 
spectroscopic characteristics to those of soluble cyt c. We 
Fig. 4. Binding of membrane-bound cytochrome c to large unilamellar 
vesicles. Binding of cyt c as MB-cyt c was carried out with large 
unilamellar solectin vesicles at various concentrations of exogenous cyt 
c. (A) The effect of 1 on binding was demonstrated by binding MB-cyt c 
to the vesicles uspended in H300 medium without BSA (2 mM I; zx - - )  
or in 145 mM KCI, 2 mM Hepes (pH 7.4; 150 mM or physiological I 
condition; • - ) .  A sample of large unilamellar vesicles made with egg 
yolk phosphatidylcholine wasalso subjected tothe same binding protocol 
at 150 mM 1 (•-.-) .  (B) The effect of the redox state of cyt c on its 
binding as MB-cyt c was studied by binding either oxidized (©--)  or 
reduced cyt c (Q-)  to asolectin vesicles at 150 mM L (C) Effect of 
temperature on MB-cyt c binding to asolectin vesicles at 2 mM 1, and at 
a cyt c concentration f 200 /~M. 
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concluded that a small amount ( "" 10%) of cyt c is bound 
to IMM even at physiological IMS-I. 
A degree of exchange between populations of MB-cyt c 
and soluble cyt c was detected over time in experiments 
where tracer amounts of FITC-labelled cyt c were deliv- 
ered into the IMS of intact mitochondria. The proximity 
detected by RET [4] at physiological I between FITC- 
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Fig. 5. Spectroscopic characteristics of membrane-bound cytochrome c. 
Cyt c was bound as MB-cyt c to SUV by successive cycles of high 1 
binding and chromatography in Sephacryl S-200 as described in the 
Methods section. (a) Differential spectra (reduced minus oxidized cyt c 
spectrum) expressed as molar extinction coefficients (mM. cm)-1 were 
measured for soluble cyt c (dashed line) and MB-cyt c (solid line). (b) 
Spectra for oxidized SUV-bound MB-cyt c was recorded and compared 
with predictions for monomeric (M) and dimeric (O.) soluble cyt c taken 
from Schejter et al. [24]. 
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Fig. 6. Effect of ionic strength on the electron transport rates of mem- 
brane-bound cytochrome c. The effect of ionic strength on the activity of 
duroquinol oxidase was determined polarographically at 21°C as de- 
scribed in the Methods ection, using a medium containing mannitol and 
sucrose with low I (20 mM) or high, physiological 1 (substituting 
mannitol and sucrose with 145 mM KC1, I = 150 mM). Rat liver IMM 
were washed free of endogenous, electrostatically-bound cyt c at I = 150 
mM, and then enriched in MB-cyt c with horse heart cyt c up to a heme 
c /heme a ratio of = 2.6 (0 ,  at low I; O, at high I). Comparative 
measurements were carried out for freshly isolated mitochondria (I I ,  at 
low 1; D, at high 1). 
labelled cyt c and mitochondrial membranes labelled with 
octadecylrhodamine creased over time, suggesting that a 
larger fraction of the FITC-cyt c remains bound to the 
membrane at physiological IMS-L RET measurements are 
very sensitive to membrane binding (even small amounts 
of a bound molecule will alter the RET efficiency), and the 
changes we detected are compatible with 10-20% of the 
FITC-cyt c bound to mitochondrial membranes at physio- 
logical I. A more detailed quantitative study of the dynam- 
ics of exchange will be presented elsewhere (Cortese, J.D. 
and Hackenbrock, C.R., manuscript in preparation)• 
An increase in the concentration of soluble cyt c in- 
creases MB-cyt c, whether the increase occurs by decreas- 
ing the volume of the IMS in intact mitochondria, or by 
increasing the cyt c concentration i the solution in which 
IMM are suspended. Increased cyt c concentration also 
results in increased MB-cyt c in pure lipid bilayers. The 
fact that we increased the amounts of MB-cyt c in isolated 
spherical inner membranes beyond the endogenous present 
in mitochondria rules out entrapment of soluble cyt c in 
inner membrane invaginations. Our findings also show that 
the oxidized form of cyt c has greater affinity for both 
inner membranes and large unilamellar liposomes. This 
could be related to conformational differences between 
oxidized and reduced cyt c [28,29,54-58]. Reduced cy- 
tochrome c has a more compact structure and is a less 
flexible molecule than oxidized cyt c [54,55,57,59]. It is 
likely that some conformational "torsion" is involved in 
the binding of cyt c to membranes [44,45,60-62], espe- 
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Fig. 7. Comparison of electron transport rates of electrostatically-bound 
and membrane-bound cytochrome c. (A) The electron transport activity 
of 1MM enriched with various amounts of MB-cyt c and EB-cyt c were 
assayed for duroquinol oxidase activity in triplicate at low I. IMM with 
decreasing amounts of EB-cyt c were prepared washing the membranes 
with solutions of different KCI concentrations (O). IMM completely 
depleted of endogenous EB-cyt c were incubated at 150 mM I with 
different concentrations of exogenous cyt c, and washed several times at 
high I to remove EB-cyt c (• ) .  These MB-cyt c-enriched IMM can 
have a similar content of MB-cyt c to that of untreated IMM (0) .  (B) A 
similar experiment was carried out measuring cyt c oxidase activities in 
triplicate for IMM (zx), IMM partially or completely depleted in EB-cyt 
c (O), IMM completely depleted of EB-cyt c and then enriched in 
MB-cyt c (• ) ,  and mitochondria ([]). Also, IMM completely depleted 
of EB-cyt c were complemented with horse heart EB-cyt c to reach the 
heme c/berne a ratios present in IMM (0) .  
cially if penetration into the bilayer is involved. Thus, a 
less flexible structure such as reduced cyt c may not be as 
effective as oxidized cyt c in penetrating the bilayer. 
There are some differences between the binding of 
MB-cyt c in liposomes and in IMM. Using increasing 
concentrations of cyt c, there is saturable, high-affinity 
binding for IMM when binding occurs at low I, and a 
linear binding, i.e., having very low affinity, at high I. For 
liposomes, MB-cyt c binding curves are linear and super- 
imposable for low and high I. For IMM, it is possible to 
distinguish between binding of cyt c as MB-cyt c and 
EB-cyt c, since at low I EB-cyt c, unlike MB-cyt c, binds 
with high affinity and in high quantities to the membrane. 
These differences indicate that a limited number of high- 
affinity sites are available for binding of cyt c as MB-cyt c 
to IMM at low I, and suggest hat binding at low I is 
facilitated by protein-protein i teractions with cyt c ET 
partners or by /-resistant protein-lipid interactions (e.g., 
those with areas containing high concentrations of cardi- 
olipin; [63]). Binding to phospholipid vesicles also sug- 
gests also that the formation of MB-cyt c does not require 
membrane proteins. Cytochrome c appears to have the 
ability to form MB-cyt c when interacts with regions of 
the membrane where the hydrophobic ore is transiently 
exposed, i.e., to penetrate into membrane structure "de- 
fects" of the protein-lipid or lipid-lipid interface. 
According with a hydrophobic penetration model for 
formation of MB-cyt c, binding of cyt c as MB-cyt c to 
LUV which have a neutral surface charge (phosphatidyl- 
choline LUV), shows that negative surface charge is not a 
prerequisite for MB-cyt c binding. This result may contra- 
dict other reported ata [53], but a small subpopulation of 
MB-cyt c could easily escape detection. Our finding sug- 
gests that some hydrophobic penetration occurs when cyt c 
binds as MB-cyt c. This view is supported by the finding 
that MB-cyt c binding increased as a function of tempera- 
ture. An increase of hydrophobic interactions with in- 
creased temperature can be expected from thermodynamic 
considerations [23,53], since at higher temperatures more 
energy is required to organize water around a hydrophobic 
region or molecule, and thus to keep it in solution. With 
adsorption, the actual adsorbing layer (a highly organized 
region near a binding surface; [64]) will be less ordered as 
temperature increases, diminishing adsorption. There are 
exceptions to this behavior for large polymers, but in 
biological systems, molecules uch as heat shock proteins 
are likely needed to avoid increasing hydrophobic 
protein-protein interactions with increasing temperature 
[65]. Taken together, our results indicate that a subpopula- 
tion of cyt c binds to membranes both electrostatically and 
hydrophobically, forming a very stable protein-membrane 
complex. This suggestion [25,35,46] has remained contro- 
versial [7,32], mainly because cyt c is a very hydrophilic 
molecule with a small hydrophobic stretch at the carboxyl 
terminus [66,67]. Our contribution has been to define the 
subpopulation of cyt c molecules that is "locked" into a 
membrane-bound conformation, thus allowing its charac- 
terization. 
MB-cyt c has one third of the intrinsic ET activity of 
either soluble or EB-cyt c, and appears to carry out only a 
minor fraction of the total ET activity of cyt c in mito- 
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chondria. Its stoichiometry to complexes III and IV (its 
redox partners) expressed as I I I :MB-cyt  c: IV is 3:1:8. 
Unl ike EB-cyt c and soluble cyt c, changes in ionic 
environment do not alter the ET rate of MB-cyt  c. How- 
ever, the fact that a portion, albeit small, of cyt c exists as 
a membrane-bound form with a diminished ET compe- 
tence raises the possibil ity of  a slow pathway for electron 
f low mediated by cyt c in vivo. As shown earlier, increas- 
ing I substantially increases ET activity, as EB-cyt c shifts 
from a slow, two-dimensional  diffusant to soluble IMS-cyt 
c, a three-dimensional diffusant [1,2,4]. Diffusion in three 
dimensions in the IMS is the predominant and most effi- 
cient mode of ET shown by cyt c at physiological IMS- I  
and at maximal ET rates [1,2]. The presence of  the MB-cyt  
c fraction suggests that the changes in ET activity between 
two- and three-dimensional diffusion can have a more 
complex relation with mitochondrial function than previ- 
ously supposed. Our ongoing study on the interconversion 
between membrane-bound and soluble forms of cyt c at 
physiological IMS- I  may thus give essential information 
for a complete understanding of cyt c-mediated ET. 
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